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Abstract  
1 
I 

The d e t a i l e d  understanding of t h e  mechanisms governing t h e  performance of a thermionic converter  
is confused by t h e  i n t e r a c t i o n s  between t h e  electrodes and t h e  plasma i n  t h e  in te re lec t rode  space. A 
guard-ring var iable-spacing diode capable of spacings as s m a l l  as 81.1 has been used t o  minimize t h e  
e l e c t r o n  and t h e  ion t r a n s p o r t  e f f e c t s  i n  t h e  plasma. Relat ions have been es tab l i shed  t h a t  s a t i s f a c -  
t o r i l y  i n t e r r e l a t e  e l e c t r o n  and ion  emissions of a or ien ted  tungsten emi t te r  over a broad range of 
emi t te r  temperatures and cesium pressures .  An e lec t ron  work func t ion  determined from s a t u r a t i o n  cur- 
r e n t s  and t h e  use of t h e  Richardson Dushman emission equat ion i s  i n  genera l  agreement with empir ical  
ex t rapola t ions  of t h e  e a r l y  Langmuir-Taylor low-pressure cesium experiments. 

Work func t ions  based on observed ion cur ren ts  were determined by t h e  use of t h e  Langmuir-Saha 

The work funct ions determined from ion cur ren ts  are genera l ly  0.07 ev  higher  
equat ion.  A f i e l d  e f f e c t  w a s  noted and w a s  adequately t r e a t e d  by t h e  a p p l i c a t i o n  of t h e  Schottky 
mirror-image theory.  
than  those  obtained by e l e c t r o n  emission. 

The e l e c t r o n  and t h e  ion-emission p r o p e r t i e s  y i e l d  information on t h e  sur face  p o t e n t i a l s  e x i s t -  
i n g  i n  t h e  plasma. This information coupled with an energy balance of t h e  converter  ind ica tes  that 
t h e  anomalously high cur ren ts  observed during t h e  ign i ted  mode of operat ion can be described i n  terms 
of a l a r g e  ion cur ren t  from t h e  plasma space t h a t  i n  t u r n  "pumps" atoms t o  t h e  emi t te r  surface.  
ion-atom charge-exchange process i s  t h e  assumed mechanism t h a t  a l t e r s  t h e  p a r t i c l e  a r r i v a l  r a t e s .  
The upper l i m i t  of t h e  p a r t i c l e  a r r i v a l  r a t e s  i s  postulated t o  be about two t imes t h e  normal atom 
a r r i v a l  r a t e  except i n  t h e  case of very high i o n  currents .  

The 

* 
In t roduct ion  

It i s  wel l  known t h a t  thermionic converter  performance i s  s t r o n g l y  dependent on t h e  work func- 
t i o n s  of t h e  emi t te r  and t h e  c o l l e c t o r .  
guide for t h e  work func t ion  of t h e  tungsten-cesium system. 
involved ex t rapola t ions  of Langmuir's d a t a  by about f ive orders  of magnitude i n  terms of cesium ar- 
r i v a l  rates. 
t i o n s  of thermionic converters  by t h e  emission probe technique. The data obtained i n  a c t u a l t h e r m -  
i o n i c  conver te rs  a r e  i n  what might be c a l l e d  casual  agreemelit with t h e  extrapolated d a t a  of Langmuir 
and Houston. 
t a r d i n g  p o t e n t i a l  c h a r a c t e r i s t i c s  ( r e l a t e d  t o  c o l l e c t o r  work func t ions)  depart  from t h e  extrapolated 
d a t a  of re fe rences  1 and 2 very s i g n i f i c a n t l y  as the cesium pressure i n  t h e  i n t e r e l e c t r o d e  space ex- 
ceeds a value of 0 .1  t o r r ,  or as t h e  space between t h e  e lec t rodes  approaches 50p or more. 
t i v e  of t h i s  work was t o  r e l a t e  t h e  more bas ic  experiments of re ferences  1 and 2 t o  d a t a  obtained i n  
an a c t u a l  thermionic converter .  

The e a r l y  work of Langmuir and Taylor1 has been used as a 
The a p p l i c a t i o n  t o  a thermionic converter  

More r e c e n t l y  Houston2 obtained d a t a  at  cesium pressures  c loser  t o  t h e  opera t ing  condi- 

However, t h e  apparent s a t u r a t i o n  cur ren ts  ( r e l a t e d  t o  emi t te r  work func t ion)  and r e -  

The objec- 

The use of a thermionic converter  f o r  obtaining information of t h i s  type necessar i ly  required 
s p e c i a l  design features and a l s o  involved a determination of t h e  inf luence of ion-production proba- 
b i l i t y ,  space-charge e f f e c t s ,  e l e c t r o n  s c a t t e r i n g ,  and i g n i t e d  modes on t h e  apparent work funct ions.  
The i n t e r r e l a t e d  e f f e c t s  of a l l  f a c t o r s  a f f e c t i n g  work func t ions  a r e  complex and, therefore ,  i n  view 
of t h e  l i m i t e d  space a v a i l a b l e ,  w i l l  be  t r e a t e d  somewhat s u p e r f i c i a l l y .  The fol lowing will be con- 
s idered:  emitter work func t ion  of a ces ia ted  or ien ted  tungs ten  emi t te r  determined by measurements of 
s a t u r a t e d  e l e c t r o n  and ion cur ren ts ;  work func t ion  of a c e s i a t e d  polycrys ta l l ine  c o l l e c t o r  by t h e  use 
of a r e t a r d i n g  p o t e n t i a l  method; i l l u s t r a t i o n s  of the e f f e c t  of s c a t t e r i n g  on apparent c o l l e c t o r  work 
func t ion;  and f i n a l l y  an  explanat ion of t h e  "ignited" mode of operat ion of a thermionic converter  and 
t h e  consequent e f f e c t  on apparent emi t te r  v-ork funct ions.  

Apparatus and Procedure 

The primary f e a t u r e s  of t h e  thermionic converter a r e  shown i n  Fig. 1. The converter i s  i n  t h e  
form of a planar  diode wi th  a demountable emitter and c o l l e c t o r .  The 1.5-cm diameter, 3-cm-long 
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emi t t e r  s t r u c t u r e  was formed from a tungs ten  c r y s t a l  o r i en ted  t o  expose t h e  110 (Mi l le r  index) plane. 
Most of t h e  surface was  a Single c r y s t a l ;  however, -a f e w  subc rys t a l s  ex is ted .  

t a t i o n  from the  110 plane was about 1- . 
The maximum misorien- 

10 
2 

The emi t te r  guard was f l u s h  wi th  t h e  emi t t e r .  The r a d i a l  c learance  was about 3 m i l s  a t  oper- 
a t i n g  temperatures. 
t h a t  were i n  mechanical contac t  with t h e  emi t t e r  and i t s  guard but  were e l e c t r i c a l l y  i s o l a t e d  by an  
alumina spacer.  
t h a t  was brazed i n t o  t h e  diode body. The copper diaphra- was a l s o  used t o  cool  t h e  emi t t e r  guard. 

The co l l ec to r  and support  were formed from po lyc rys t a l l i ne  tungs ten .  
movable and was a t tached  t o  t h e  main diode body through t h e  use of a s t a i n l e s s - s t e e l  bellows. 
equal ly  spaced d i f f e r e n t i a l  screws were used t o  a d j u s t  and t o  measure t h e  spacing. 

The r a d i a l  c learance  was kept symnetrical  by t h r e e  equa l ly  spaced tungs ten  p ins  

Externa l  e l e c t r i c a l  contac t  of t h e  emi t t e r  guard was provided by a copper diaphragm 

The c o l l e c t o r  assembly was 
Three 

The co l l ec to r  guard r a d i a l  c learance  was 3 m i l s ,  and t h e  guard pos i t i on  w a s  f i x e d  and was about 
20  m i l s  from t h e  emi t te r  sur face .  
d i f f e r e n t i a l  screws. 
s i m i l a r  t o  t ha t  of t h e  emi t te r  guard. 

Radia l  c learance  was maintained by r e l a t i v e  adjustments of t h e  
The des ign  of t h e  e l e c t r i c a l  and thermal a spec t s  of t h e  c o l l e c t o r  v d  was 

The cesium rese rvo i r  was loca ted  i n  a massive copper cy l inde r  t h a t  was connected t o  t h e  diode 
by a 5/16-in. copper tube.  

The emi t te r  was heated by t h e  electron-bombardment hea te r  shown i n  Fig. 2. The e l ec t rodes  of 
t h e  hea te r  were shaped t o  vary t h e  i n t e n s i t y  of t h e  e l ec t ron  beam i n  order  t o  compensate for t h e  
l a r g e  r ad ia t ion  and conduction lo s ses  present  i n  t h e  edge of t h e  p lanar  diode design. The f i n a l  de- 
s ign  of t h e  fi lament and e l e c t r o n  de f l ec to r  t h a t  gave t h e  most uniform temperature a l s o  provided a 
view of t h e  back sur face  of t h e  emi t te r .  Temperature s t a b i l i t y  of t h e  emi t t e r  was e s t ab l i shed  by 
t h e  use of a proper ly  matched ex te rna l  load. 

The emi t te r  guard, c o l l e c t o r ,  co l l ec to r  W d ,  i n s u l a t o r ,  f l ange ,  and cesium-reservoir tempera- 
H e l i u m  or ni t rogen  gas was used t u r e s  were es tab l i shed  by i n s e r t i n g  t h e  diode i n  a g a s - f i l l e d  oven. 

i n  t h e  oven. Local r e s i s t ance  hea te r s  and gas j e t s  a t  or near t h e  above diode elements were some- 
t imes used t o  maintain temperature cont ro l .  

The emitter temperature was determined by a n  o p t i c a l  pyrometer t h a t  viewed t h e  back sur face  of 
t h c  e in i t tc r  through a shut te red  window and prism (Fig .  2 ) .  
avoided by the aforementioned electron-bombardment hea te r  design. The r e l a t i o n s h i p  between su r face  
temperature and back-surface temperature w a s  e s t ab l i shed  by a s e r i e s  of t e s t s  i n  a d m l y  diode t h a t  
prL)vided f o r  a simultaneous view of a blackbody hole  i n  t h e  f r o n t  su r f ace  and t h e  back sur face .  The 
c h a r a c t e r i s t i c s  of t h e  electron-bombardment hea te r  and pyrometer provided a use fu l  emi t te r  tempera- 
t u r e  range of 1350' t o  2oOOo K. 

The problem of spur ious  r a d i a t i o n  was 

The cesium-reservoir temperature w a s  measured by a thermocouple i n  conjunction with a high ga in  
amplif ' i-r  and d i g i t a l  voltmeter.  A l l  o the r  temperatures,  emi t t e r  f l ange ,  c o l l e c t o r  assembly, and 
i n s i i l a t v r s  were measured by thermocouples with t h e  output d i sp layed  by a d i g i t a l  voltmeter.  

'The diode b i a s  vol tage  was provided by a power t r a n s i s t o r  assembly. The vol tage  supply was d i -  
vided i n t o  two sec t ions ,  a high-current s e c t i o n  t h a t  normally operated from -4 t o  +12 v and a low- 
cur ren t  sec t ion  t h a t  normally operated f o r  vo l tages  from 0 t o  -40 v. The high-current s ec t ion  was 
u s e d  f'or e l ec t ron  cu r ren t s ,  while t h e  low-current s ec t ion  was for t h e  ion  cur ren ts .  Voltages i n  t h e  
hi[:h re ta rd ing  range were con t ro l l ed  manually. A d a t a  sampling procedure w a s  employed a t  condi t ions  
i ) T  lii(:h current t o  avoid e i t h e r  severe e l e c t r o n  cool ing  or plasma hea t ing  of t h e  emi t t e r .  The p r i -  
:mry da ta  were recorded by a pen-type X-Y recorder  whose m a x i m u m  w r i t i n g  speed was about 15 in./sec.  
Tlie logarithm o f  cur ren t  dens i ty  as a func t ion  of dimensionless v o l t s  ( v o l t s  d iv ided  by e l e c t r o n  
v o l t  equivalence of temperature,  qV/kT) was recorded d i r e c t l y  i n  most of t h e  runs.  
shiiiil. s e l ec t ions  yielded use fu l  cur ren t  information over about e i g h t  o rde r s  of magnitude. The mea- 
siu'cd current d i d  ,not include co l lec tor -guard  cu r ren t ,  s ince  t h e  guard was connected t o  t h e  system 
p a s t  t h e  current measuring shunts.  The c o l l e c t o r  guard was e s s e n t i a l l y  a t  c o l l e c t o r  p o t e n t i a l  f o r  
all low-current determinations and was  allowed t o  f l o a t  a t  h igh-cur ren t  condi t ions .  

Appropriate 

ail i tt c r  Work-Function Determinations 

w cn 
0 

i:lrctrnn sa tu ra t ion  cur ren t  w a s  measured by opera t ing  t h e  diode a t  spacings on t h e  order of 3 
t(> l l p  (noinlnally 8p) i n  order t o  minimize space charge and e l e c t r o n  s c a t t e r i n g  e f f e c t s .  Typical 
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current-vol tage curves obtained by t h i s  technique appear i n  re ference  3. The s a t u r a t i o n  c u r r e n t s  
were u s u a l l y  c l e a r l y  def ined i n  t h e  ion  r i c h  region, t h a t  i s ,  w h e r e  t h e  ion cur ren t  produced by sur- 
face  i o n i z a t i o n  is  i n  excess of t h e  cur ren t  required f o r  n e u t r a l i z a t i o n  of charge dens i ty .  I n  o ther  
words, 

where J is  t h e  c u r r e n t  d e n s i t y  and m is t h e  mass. The s u b s c r i p t s  e and i r e f e r  t o  e l e c t r o n  
and ion, respec t ive ly .  

The emitter work func t ion  was then  ca lcu la ted  from t h e  fol lowing Richardson-Dushman equation 

where cp is  t h e  work func t ion ,  k i s  t h e  Boltvnann cons tan t ,  T i s  t h e  temperature, q is t h e  u n i t  
charge, and J, i s  t h e  s a t u r a t i o n  cur ren t  densi ty .  The subscr ip t  1 r e f e r s  t o  t h e  emi t te r .  The 
s a t u r a t i o n  cur ren t  was not c l e a r l y  def ined i n  t h e  e l e c t r o n  r i c h  condi t ion or a t  condi t ions where t h e  
current-vol tage curves were confused by a r c  or ign i ted  modes of operat ion.  The technique used i n  
i d e n t i f y i n g  emi t te r  work func t ions  under t h e  ign i ted  mode w i l l  be  discussed i n  a later sec t ion .  

The work func t ion  could be est imated i n  t h e  e lec t ron  r i c h  region,  d e s p i t e  t h e  lack  of adequate 
ions f o r  space charge u t i l i z a t i o n ,  by applying an  a c c e l e r a t i n g  vol tage  s u f f i c i e n t  t o  produce an  ap- 
parent  s a t u r a t i o n  cur ren t .  
N ~ t t i n g h a m , ~  a s s i s t e d  i n  t h e  d e f i n i t i o n  of s a t u r a t i o n  cur ren ts .  C o l l i s i o n a l  and plasma i n t e r a c t i o n s  
sometimes confuse t h e  d i r e c t  reduct ion  of t h e  da ta ,  so an a d d i t i o n a l  check of t h e  emi t te r  work func- 
t i o n  was obtained by t h e  a p p l i c a t i o n  of t h e  Saha-Langmuir equat ion t o  t h e  sa tura ted  ion cur ren ts .  

The use of space-charge a n a l y s i s ,  such as presented by Goldstein4 or 

The measurements of ion  cur ren ts  involved severa l  experimental d i f f i c u l t i e s .  The p r o b a b i l i t y  of 
ion  formation i s  lpw i n  t h e  e l e c t r o n  r i c h  region;  therefore ,  c u r r e n t s  were o f t e n  i n  t h e  microampere 
range. The cesium-covered i n s u l a t o r s  i n  t h e  converter  could al low t h e  small ion c u r r e n t s  t o  be l o s t  
i n  leakage cur ren ts .  The guard r i n g s  previously discussed minimized t h e  problem. D i f f i c u l t i e s  i n  
t h e  ion r i c h  region e x i s t e d  because t h e  l a r g e  mass of t h e  cesium ion  induced a severe space charge. 
High r e t a r d i n g  p o t e n t i a l s  on t h e  order  of 45 v were employed t o  compensate f o r  t h e  ion  space-charge 
e f f e c t .  However, t h i s  i n  t u r n  produced a s i g n i f i c a n t  Schottky a l t e r a t i o n  of t h e  emi t te r  work func-  
t i o n .  The e f f e c t  of t h e  Schottky enhancement of ion-production p r o b a b i l i t y  and t h e  techniques used 
i n  reducing t h e  d a t a  of t h i s  research  vehic le  a r e  descr ibed by Nottingham.6 The a p p l i c a t i o n  of t h e  
emi t te r  work-function determinat ion by ion-current measurements was  based on t h e  c o r r e l a t i o n  of t h e  
work func t ion  determined by t h e  observed ion  current  (cor rec ted  f o r  t h e  Schottky f i e l d  e f f e c t )  t o  
t h a t  c a l c u l a t e d  by t h e  fol lowing modified %ha-Languir equat ion:  

where v is t h e  p a r t i c l e  f l u x ,  y '  r e f e r s  t o  t h e  t o t a l  p a r t i c l e  a r r i v a l  rate, and t h e  subscr ip t  i , O  
r e f e r s  t o  t h e  zero- f ie ld  ion  current .  

The e m i t t e r  work func t ions  of t h e  or ien ted  (110) tungs ten  emitter measured i n  t h e  closed space 

Close agreement e x i s t s  over a range of cesium temperatures from 
converter  a r e  compared i n  Fig.  3 t o  t h e  values predicted by Nottingham6 on t h e  b a s i s  of d a t a  given by 
Taylor and Langmuirl and Houston.' 

360° t o  565O K, which corresponds t o  a pressure  of Z X ~ O - ~  t o  1; t o r r ,  respec t ive ly ,  and e m i t t e r  tem- 
pera tures  from 13500 t o  1900° K. The in te re lec t rode  spacing used i n  t h i s  range of pressures  cor re-  
sponded t o  about l m e a n  free pa th  or l e s s  f o r  a n  electron-cesium n e u t r a l  c o l l i s i o n .  The c lose  agree- 
ment between t h e  r e s u l t s  i n  t h e  diode and t h e  extrapolated d a t a  of Taylor and Langnuir and Houston 
ind ica ted  t h a t  t h e  r e s u l t s  i n  t h e  bas ic  experiments can be appl ied  d i r e c t l y  t o  a thermionic converter  
environment. The r e s u l t s  suggest  that t h e  tungsten s u b s t r a t e  e x h i b i t s  a similar cesium adsorp t ion  
c h a r a c t e r i s t i c .  Some confusion e x i s t s  as t o  what the a c t u a l  work func t ion  of t h e  tungsten s u b s t r a t e  
w a s  i n  t h e  var ious experiments. Taylor and Langmuir heat  t r e a t e d  t h e i r  wires  ex tens ive ly  and pre-  
sumed t h a t  t h e  sur face  was predominantly 110 tungsten. Houston, on t h e  o ther  hand, does not be l ieve  
I . . ~ ~  ~ , I C  ~ L I E ~  U S ~  i n  h i s  emission experiments were n e c e s s a r i i y  t n a t  of t n e  IIW plane. ' The agree- 
ment of t h e  t h r e e  experiments may be explained i n  the  r a t h e r  r a p i d  anneal ing and a d j u s t i n g  of t h e  
sur face  of t h e  emi t te r  t h a t  occurs at  temperatures greater than  1760° K i n  a cesium atmosphere as 
descr ibed  i n  t h e  d iscuss ion  of t h e  cathode e f f e c t  i n  re ference  3. 

+hoc LL^ _ _ I  ...- 
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The ion-current determination of t h e  work func t ion  cons i s t en t ly  gave values t h a t  were approxi- 
mately 0.07 ev h igher  than  those  obtained by e l ec t ron  emission. The depar ture  could conceivably be 
due t o  va r i a t ions  i n  emi t te r  temperature,  v a r i a t i o n s  i n  emi t t e r  work func t ion ,  or e r r o r s  i n  tempera- 
ture and cur ren t  measurements. Each of t h e  p o s s i b i l i t i e s  were explored, and no se l f - cons i s t en t  ex- 
p lana t ion  could be es tab l i shed .  It is  i n t e r e s t i n g  t o  note  t h a t  t h e  ion-production p robab i l i t y  ex- 
press ion  neglecting e l e c t r o n  sp in  ( i n  t h e  expression f o r  ion  production) matches experimental da t a  
more c lose ly  than  the  standard %ha-Langmuir expression. This f a c t  has been noted by Nottingham6 f o r  
he shows t h a t  t h e  da ta  obtained by t h e  converter used depa r t s  from t h e  c l a s s i c a l  expression i n  t h e  
same manner as t h e  experimental r e s u l t s  of Copley and Phipps.8 

Col lec tor  Work Function 

The co l l ec to r  work func t ion  was measured by t h e  usua l  r e t a r d i n g  p o t e n t i a l  technique us ing  t h e  

(4) 
L 

where rp2 i s  t h e  cur ren t  determined on t h e  r e t a rd ing  por t ion  of 
a cu r ren t  voltage curve cor rec ted  f o r  ion-current,  back emissions, and space ckarge e f f e c t s ,  and Vo 
is  t h e  appl ied  po ten t i a l .  

i s  t h e  co l l ec to r  work func t ion ,  JR 

The problems encountered i n  t h e  measurement of c o l l e c t o r  work func t ion  were those  r e l a t e d  t o  
leakage cur ren ts ,  ion  cu r ren t s ,  e l ec t ron  and ion space charge, e l ec t ron  back emission, and e l e c t r o n  
s c a t t e r i n g .  

The leakage cur ren t  w a s  minimized by s e t t i n g  t h e  Fermi l e v e l  of t h e  c o l l e c t o r  and i t s  guard a t  
e s s e n t i a l l y  the  same po ten t i a l .  Ion s a t u r a t i o n  cu r ren t s  were measured a t  t h e  same conditions as t h e  
e lec t ron-cur ren t  mcasurements. I f  t h e  ion cu r ren t s  were s i g n i f i c a n t ,  t h e  e l ec t ron  cur ren t  was ad- 
j u s t e d  through t h e  use of space-charge r e l a t ionsh ips .  The results of space-charge so lu t ions  involv- 
ing simultaneous e lec t ron- ion  emission (as t r e a t e d  i n  r e f .  4) were used as a guide i n  reducing t h e  
ne t -cur ren t  curves. The simple ex t r apo la t ion  of ion  cur ren t  o f t en  appl ied  i n  ad jus t ing  ne t  cu r ren t s  
of probe and converter s tud ie s  was not used. Elec t ron  back emission was determined d i r e c t l y  and cor- 
r ec t ions  were made by measuring t h e  cur ren t  i n  t h e  high r e t a rd ing  region. The ion-current po r t ion  
could be i d e n t i f i e d  by cooling t h e  c o l l e c t o r  t o  t h e  po in t  where e l ec t ron  back emission was t r i v i a l .  
The e f f e c t  of e l e c t r o n  s c a t t e r i n g  was evaluated by making a s e r i e s  of measurements a t  various spac- 
ings encompassing the  range from l e s s  than  1 mean f r e e  .path t o  about 80 mean f r e e  pa ths  (based on 
e l ec t ron  neu t r a l  s c a t t e r i n g  with a c o l l i s i o n  p robab i l i t y ,  Pc, of 1400). 

The e f f ec t  of i n t e re l ec t rode  spacing on apparent c o l l e c t o r  work func t ion  is  given i n  Fig.  4. 
The work func t ion  f o r  t h e  smal les t  spacing is  about 1.72 ev a t  a c o l l e c t o r  temperature of 743' K. 
The apparent work func t ion  increases  about 0.15 t o  0.20 v as t h e  spacing increases  from t h a t  of l e s s  
t han  1 mean f r e e  path t o  80 mean f r e e  paths.  It i s  suggested t h a t  t h i s  change is  due t o  t h e  in -  
creased p robab i l i t y  of e l ec t ron  back s c a t t e r i n g  with increased  spacing. 

The e f f e c t  of c o l l e c t o r  bmpera tu re  on co l l ec to r  work func t ion  i s  shown i n  Fig. 5. The low- 
temperature condition corresponds t o  t h e  condi t ion  where mul t ip le  l a y e r s  of cesium should be present  
on t h e  co l l ec to r .  
t u r e  value for bulk cesium. The minimum value of about 1.68 ev, i f  aga in  ad jus ted  f o r  spacing, i s  
about 0.04 ev lower than  t h e  value ex t rapola ted  f r o m  Taylor and Langmuir.' 

The value i n  Fig. 5, when ad jus ted  f o r  spacing, i s  i n  agreement with t h e  l i t e r a -  

Observations i n  the  Ign i t ed  Mode 

Thermionic converters cons i s t en t ly  exh ib i t  cu r ren t  d e n s i t i e s  greater than  those  pred ic ted  by t h e  
ex t rapola t ion  of t he  Lanppuir-Taylor da t a .  
c rease  i s  r e l a t ed  t o  an  increased a r r i v a l  rate r e s u l t i n g  from t h e  ion  cu r ren t s  flowing from t h e  
plasma t o  the  emi t t e r  coupled with a Schottky depress ion  of emi t t e r  work func t ion  caused by an  ion 
r i c h  shea th  a t  t h e  emi t t e r .  

It has been suggested by  many inves t iga to r s  t h a t  t h e  in -  

The var iab le  spacing f ea tu re  of t h e  research  diode, which was so u s e f u l  i n  t h e  passive mode 
s tud ie s  o f  work func t ion ,  was appl ied  t o  s t u d i e s  of t h e  i g n i t e d  mode. 
current-voltage curve is shown i n  Fig.  6. 
by an i n i t i a l  Boltzmann l i n e  followed by e l e c t r o n  space-charge behavior. 
:ibout 1 amp/sq cm t h e  converter " ign i t e s "  and a higher cu r ren t  dens i ty  and new mode of PerfOrInanCe 
a r e  exhibited.  

A n  example of a t f l i c a l  
The pass ive  mode i s  t h a t  po r t ion  of a curve Characterized 

A t  a cu r ren t  dens i ty  Of 

This i gn i t ed  mode i s  s t a b l e  from t h e  i n t e r c e p t  on t h e  passive-mode r eg ion  up t o  t h e  
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maximum curren t  observed. A t  t h e  i n t e r c e p t  on t h e  passive mode t h e  converter  "de-ignites' '  and again 
fol lows t h e  usua l  Boltmnann and space-charge relat ' ionships .  
havior  i n  t h e  " igni ted"  mode near t h e  knee'of t h e  curve i n d i c a t e s  t h e  ex is tence  of an  e l e c t r o n  space 
charge and t h u s  a double shea th  condi t ion.  
ment of e l e c t r o n  emission is not  too  probable. 

The naturc  of t h e  current-vol tage be- 

The space-charge behavior suggests  t h a t  Schottky enhance- 

An energy balance of t h e  converter  was es tab l i shed  i n  a n  attempt t o  q u a n t i t a t i v e l y  assess t h e  

The a p p l i c a t i o n  of t h e  
features of t h e  i g n i t e d  mode. 
and t h e  method more r e c e n t l y  adapted t o  thermionic converters  by Houston.' 
energy-balance technique i s  somewhat l i m i t e d  due t o  extraneous l o s s e s  present  i n  a p lanar  diode. 
technique used t o  circumvent some of t h e  problems i s  as follows. Point A i s  e s t a b l i s h e d  i n  t h e  pas- 
s i v e  mode and then  poin t  B is  determined a t  t h e  loca t ion  where t h e  input  power and e m i t t e r  tempera- 
ture are t h e  same as observed a t  poin t  A (Fig. 6 ) .  
p lanar  conf igura t ion  used, t h e  comparable l o s s e s  at  p o i n t s  A and B are l a r g e l y  cancel led.  Thus an  
energy balance can be e s t a b l i s h e d  between t h e  two operat ing condi t ions.  The energy-balance r e l a t i o n -  
s h i p  used is  ind ica ted  i n  Fig. 6. A more genera l  form of  t h e  r e s u l t a n t  expression that treats t h e  
case when e l e c t r o n  cool ing at point  A is  not negl ig ib le  i s  given as 

The method used i s  e s s e n t i a l l y  t h a t  used i n  plasma discharge research ,  

The 

Even though nonassessable l o s s e s  e x i s t  i n  t h e  

%lectron - '+:lectron = &plasma + (Difference i n  gaseous 
cool ing  a t  cool ing a t  heat ing a t  conduction at points ( 5  1 
poin t  B po in t  A point  B A and 3) 

where Q represents  an  energy flux. It can be seen from Eq. ( 5 )  and t h e  corresponding equat ion i n  
Fig. 6 t h a t  use i s  made of t h e  knowledge of t h e  energy involved i n  t h e  t r a n s p o r t  mechanisms i n  t h e  
passive mode of operat ion.  If it is assumed t h a t  a t  p o i n t  B t h e  plasma hea t ing  is  p?imari ly  t h a t  of 
ions a r r i v i n g  a t  t h e  e m i t t e r  from t h e  plasma, a n  approximation of t h e  ion  cur ren t  can be es tab l i shed  
i n  terms of  equat ing t h e  t o t a l  energy of a l l  t h e  a r r i v i n g  ions  t o  t h e  energy of a l l  of t h e  emit ted 
e lec t rons .  

The energy of t h e  a r r i v i n g  ion  is  i l l u s t r a t e d  i n  Fig.  7. The model shown i s  equivalent  t o  t h a t  
of sur face  recombination of an  ion  and is presented i n  t h e  a l t e r n a t e  form shown f o r  ease  i n  i d e n t i f y -  
ing t h e  var ious  energy terms. 
sur face  p o t e n t i a l  of the c o l l e c t o r  t o  t h e  sur face  p o t e n t i a l  of t h e  emi t te r .  
r e l a t i v e  t o  t h e  sur face  i s  
of t h e  ion  i n  t h e  plasma space,  and 
e l e c t r o n  is  moved from t h e  Fermi l e v e l  of t h e  emi t te r  t o  t h e  sur face  p o t e n t i a l  which r e q u i r e s  an en- 
ergy of qp1. 
3.893 ev (it can be assumed t h e  p a r t i c l e s  recombine i n  a volume adjacent  t o  t h e  sur face  and then  
t r a n s f e r  t h e i r  energy t o  t h e  sur face  as t h e y  are adsorbed as a n  atom, or it can be assumed t h a t  r e -  
combination occurs  on t h e  sur face) .  
s i d e r e d  s i n c e  'pl is less t h a n  V i ,  t h e  i o n i z a t i o n  p o t e n t i a l .  The energy balance shown neglec ts  
t h e  t r a n s l a t i o n a l  temperatures  of t h e  ion, e lec t ron ,  and atoms. This approximation is used s i n c e  
t r a n s l a t i o n a l  energy i s  small i n  comparison t o  t h e  other  energies  involved, and a l s o ,  t h e  t r a n s l a -  
t i o n a l  terms appear i n  t h e  numerator and t h e  denominator and t h e r e f o r e  tend t o  cancel. It is as- 
sumed t h a t  t h e  energy s t a t e  of t h e  i o n  i n  t h e  plasma can  be determined wi th in  k0.8 v, and it i s  fur- 
t h e r  assumed t h a t  t h e  v a r i a t i o n  i n  t h e  normal gaseous thermal  conduction can be neglected as a f i rs t  
approximation. On t h e  b a s i s  of t h e s e  assumptions, the f i n a l  energy-balance r e l a t i o n  used i n  pre- 
d i c t i n g  t h e  i o n  cur ren t  should be wi th in  about +15 percent  of a more exact  formulation. Houstong 
a r r i v e s  a t  a similar conclusion i n  his t reatment  of a c y l i n d r i c a l  diode. Typical current-vol tage 
curves are shown i n  Fig. 8 i n  which t h e  hea t  balance p o i n t  i n  t h e  i g n i t e d  mode i s  determined at f o u r  
i n t e r e l e c t r o d e  spacings. 

i n g  increases .  
s u f f i c i e n t  t o  permit t h e  plasma hea t ing  of t h e  emit ter  t o  compensate exac t ly  f o r  t h e  e l e c t r o n  cool- 
ing. 
spacing i n  t h e  pass ive  mode por t ion  of t h e  curve)  corresponds t o  a value of s a t u r a t i o n  cur ren t  pre-  
d i c t e d  from t h e  ex t rapola ted  data of Langmuir and Taylor. 
than  those  pred ic ted  by t h e  ex t rapola ted  values6 a re  experienced i n  t h e  ign i ted  mode. 

The s t e p s  are now given. F i r s t ,  an  ion  moves from a reg ion  near t h e  

AV represents  t h e  u n c e r t a i n t i e s  of t h e  poin t  of o r i g i n  
The energy of t h e  ion  

q(VpfAV) where 

Vp i s  t h e  p o t e n t i a l  v a r i a t i o n  shown i n  Fig. 7. Second, an 

Third, the p a r t i c l e s  recombine t o  form a n  atom l i b e r a t i n g  t h e  i o n i z a t i o n  energy of 

Fourth, t h e  p a r t i c l e  i s  reemi t ted  as an  atom f o r  t h e  cases  con- 

The a c c e l e r a t i n g  vol tages  observed a t  t h e  balance poin t  decrease as spac- 
1 The a p p l i c a t i o n  of an  a c c e l e r a t i n g  p o t e n t i a l  o f  about 12 v at a spacing of 5 6 7 ~  i s  

It is  i n t e r e s t i n g  t o  note  t h a t  t h e  apparent  s a t u r a t i o n  cur ren t  (observed for t h e  smallest 

Current d e n s i t i e s  considerably higher  

The a p p l i c a t i o n  of t h e  r e l a t i o n s h i p  used i n  es t imat ing t h e  ion  cur ren t  at  t h e  balanced i n l e t  
The cur ren t  d e n s i t y  i s  presented as a func t ion  power - temperature  condi t ion  is shown i n  Fig. 9. 

of i n t e r e l e c t r o d e  spacing a t  e m i t . t . P r  +emper.+lxes of 1 7 ~ ~ ~  s-d XCOO Y,. 
pera ture  i s  565' K. 
shown by t h e  shaded l i n e s .  
func t ions  ( t h e r e f o r e  emission c u r r e n t s )  observed i n  these  t e s t s  and t h e  ex t rapola ted  d a t a  of Langmuir. 

?,e iesiiiin-i-escrvvir iem- 

It has been shown previously t h a t  an  agreement e x i s t s  between t h e  work 
The ion  cur ren t  ca lcu la ted  on the b a s i s  of t h e  approximate r e l a t i o n s h i p  i s  
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It fol lows that t h e  emission cur ren ts  can be r e l a t e d  t o  p a r t i c l e  arrival rates. 
cur ren t  densi ty  has been predic ted  by c a l c u l a t i n g  a new p q t i c l e  arrival rate t h a t  cons is t s  of t h e  
normal atom arrival r a t e  and t h e  est imated ion  cur ren t .  
rate on t h e  b a s i s  of ion cur ren t  is t o  be va l id ,  t h e  sum of t h e  pred ic ted  e l e c t r o n  cur ren t  and calcu- 
l a t e d  i o n  cur ren ts  should match t h e  observed ne t  current .  As can be seen i n  Fig. 9, t h e  agreement i s  
q u i t e  poor, p a r t i c u l a r l y  a t  t h e  condi t ions of lower e m i t t e r  temperatures. Thus, t h i s  simple explana- 
t i o n  of n e t  current  i n  t h e  i g n i t e d  mode is  unsa t i s fac tory .  

An electron-emission 

If t h e  simple model of an  enhanced arrival 

It was noted t h a t  t h e  est imated ion cur ren t  at  t h e  balance poin t  was q u i t e  high amounting t o  3 
t o  5 amp/sq cm. 
p a r t i c l e  a r r i v a l  r a t e  at t h e  sur face  of t h e  emi t te r  s i n c e  t h e  atom arrival r a t e  expressed i n  cur ren t -  
d e n s i t y  terms would amount t o  18 t o  25 amp of atom f l u x .  
l a r g e r  values corresponding t o  t h e  Knudsen or  r a r e f i e d  gas-par t ic le  f lux;  t h e  lower value corresponds 
t o  t h a t  ca lcu la ted  on t h e  b a s i s  of continuum flow that e x i s t s  at t h e  l a r g e s t  spacings. The r e l a -  
t i v e l y  l a r g e  ion  current  and t h e  very high p r o b a b i l i t y  of a charge exchange c o l l i s i o n  between t h e  ion 
and t h e  cesium atoml0,’l suggest that t h e r e  is a high p r o b a b i l i t y  of t r a n s f e r r i n g  t h e  d i r e c t e d  motion 
of t h e  i o n  current  t o  t h a t  of t h e  atoms. 
t i a l  produces a s t rong  a c c e l e r a t i n g  f i e l d  f o r  ions.  The f i e l d  i n  t u r n  causes t h e  ions t o  be d i r e c t e d  
toward t h e  emit ter  at  a s i g n i f i c a n t  ve loc i ty .  The t r a n s f e r  of v e l o c i t y  t o  t h e  atoms, which may occur 
i n  s e v e r a l  s teps  because of t h e  high c o l l i s i o n  p r o b a b i l i t y ,  wi l l  increase  t h e  t o t a l  p a r t i c l e  a r r i v a l  
rate considerably. 
pos tu la ted  t o  e x i s t .  This upper l i m i t  e x i s t s  because a l a r g e  f r a c t i o n  of random v e l o c i t y  components 
perpendicular t o  t h e  d i r e c t e d  motion should be maintained i n  a charge exchange c o l l i s i o n .  
t e n t i o n  of  the perpendicular  v e l o c i t y  d i s t r i b u t i o n  w i l l  i n  e f f e c t  keep t h e  p a r t i c l e  concentrat ion 
equivalent  t o  t h a t  of t h e  gas surrounding t h e  inner  e lec t rode  space. 
will t e n d  t o  be r e d i s t r i b u t e d  i n t o  two groups - t h e  high v e l o c i t y  p a r t i c l e s  moving toward t h e  emi t te r  
and t h e  p a r t i c l e s  t h a t  have contacted t h e  emi t te r ,  have become thermalized,  and a r e  emit ted a t  a 
t r a n s l a t i o n a l  v e l o c i t y  equivalent  t o  t h a t  of t h e  emi t te r  temperature. The v e l o c i t y  d i f fe rences  cause 
a s h i f t  i n  p a r t i c l e  concentrat ion of t h e  two groups. The high-veloci ty  group approaches zero concen- 
t r a t i o n  and the  low-velocity group approaches twice t h e  normal concentrat ion.  The p a r t i c l e  a r r i v a l  
r a t e  a t  t h e  emi t te r  sur face  under these  condi t ions w i l l  t h e r e f o r e  approach a value of two t imes t h e  
normal a r r i v a l  r a t e  as t h e  v e l o c i t y  of t h e  incoming groups of p a r t i c l e s  become much l a r g e r  than  t h e  
v e l o c i t y  of the  depart ing groups of p a r t i c l e s .  

The ion  cur ren t  i n  i t s e l f  c o n s t i t u t e s  a reasonable  f r a c t i o n  of t h e  t o t a l  poss ib le  

The f l u x  rate is dependent on spacing t h e  

The d i f fe rence  i n  t h e  sur face  p o t e n t i a l  and plasma poten- 

An upper l i m i t  t o  t h e  p a r t i c l e  arrival r a t e  by t h e  charge-exchange mechanism is 

The re- 

But t h e  p a r t i c l e  concentrat ion 

The simple model of an  arrival r a t e  l i m i t e d  t o  twice t h e  normal f l u x  is  not v a l i d  at  condi t ions 
where t h e  a r r i v i n g  p a r t i c l e s  are predominantly ions ,  s i n c e  an  extremely heavy f l u x  of ions would 
tend  t o  cons t ra in  t h e  perpendicular f lux .  
r a t e  it is  a l s o  requi red  t h a t  t h e  energy content  of t h e  ions  be s u b s t a n t i a l l y  l a r g e r  than  t h e  energy 
content  of the atom group involved i n  t h e  c o l l i s i o n s  so t h a t  t h e  v e l o c i t y  of a r r i v i n g  p a r t i c l e s  be 
s u b s t a n t i a l l y  g r e a t e r  than  t h e  normal unenhanced ve loc i ty .  
requi red .  

I n  order  t o  achieve t h e  augmented f l u x  of twice t h e  normal 

A high p r o b a b i l i t y  of c o l l i s i o n  is  a l s o  

A t e s t  of t h e  charge-exchange model i s  shown i n  Fig. 10. An e l e c t r o n  cur ren t  was ca lcu la ted  on 
t h e  b a s i s  of a work func t ion  predic ted  by t h e  enhanced p a r t i c l e  a r r i v a l  r a t e .  
t h e  e l e c t r o n  cur ren t  measured, which was t h e  observed net  cur ren t  minus t h e  est imated ion  Current. 
The c l o s e  agreement is obvious. 

This was Compared t o  

The r e l a t i o n  used f o r  t h e  ion cur ren t  i s  t h a t  presented i n  Fig. 7 a l though charge exchange was 
The use of t h i s  approximation i s  allowed s i n c e  t h e  d i r e c t e d  energy of t h e  incoming p a r t i -  assumed. 

c l e s  i s  conserved. The simple twofold enhancement of p a r t i c l e  f l u x  was used f o r  t h e  range of emi t te r  
temperatures and spacings s ince  t h e  ion  cur ren t  dens i ty ,  energy, and charge exchange p r o b a b i l i t y  were 
s u f f i c i e n t  t o  induce a v e l o c i t y  of t h e  atoms s i g n i f i c a n t l y  higher  than  t h e  normal thermal  Veloc i t ies .  
The normal arrival r a t e s  were based on an  expression t h a t  r e l a t e d  p a r t i c l e  f l u x  t o  spacing through 
t h e  use of conventional Knudsen f low and continuum f low r e l a t i o n s .  

The explanation of increased e l e c t r o n  emission by augmented a r r i v a l  rate - work func t ion  depres- 
s i o n  through an  ion cur ren t  - charge-exchange process appears  t o  be reasonable  a t  t h e  condi t ions 
t e s t e d .  It should be noted t h a t  although t h e  pos tu la ted  mechanism might apply a t  lower ion  Currents 
and lower appl ied p o t e n t i a l s ,  t h e  simple twofold a u w e n t a t i o n  must be reduced t o  account f o r  t h e  re- 
duced current  d e n s i t y  and energy of t h e  incoming i o n .  S imi la r  a l t e r a t i o n s  a r e  requi red  at  higher  
ion  cur ren t  d e n s i t i e s  where t h e  enhancement of p a r t i c l e  a r r i v a l  r a t e  can exceed t h e  f a c t o r  Of t W 0  
dne t o  p a r t i c l e  t rapping.  
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It has been shown that the basic experimental observations of work functions of the cesium- 
tungsten system can be extrapolated to the conditions of operation of a practical thermionic con- 
verter. Some of the problems experienced heretofore in establishing this comparison may have been 
related to leakage currents, electron scattering, and space-charge effects. It is also postulated 
that the enhanced electron emission in the ignited mode can be related to the simple basic experi- 
ments if the arrival rate of cesium particles to the emitter is adjusted by recognizing an "ion 
pumping" by the process of charge exchange. 
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